Technological innovation is intimately related to knowledge creation and recombination. In this work we introduce a combined statistical and network-based approach to study collaboration in scientific authorship. We apply it to characterize recent research efforts in renewable energy technology and its intersections with the domains of nanoscience and nanotechnology with focus on materials, and electrical engineering and computer science in Greece and its broader European and international environment as a case study. Using our methods we attempt to illuminate the processes which underlie knowledge creation and diversification in these research networks: a (positive) relationship between expenditure on research and development and the extent and diversity of team-based research at the intersections of the three domains is established. Our specific findings collectively provide insights into the collaboration structure and evolution of energy-related research activity in Greece, while our methodology can be used for evidence-based design, monitoring, and evaluation of interdisciplinary research programs.
Introduction
Sustained development and deployment of clean energy technologies is expected to make a significant contribution towards climate change mitigation goals as the energy sector generates around two-thirds of global greenhouse gas emissions (International Energy Agency 2016) . Fostering technological innovation in energy is especially challenging. The scale and complexity of the modern energy and technological systems necessitate national policy and state funded efforts along with international cooperation and research collaboration for devising innovative solutions to the energy challenge (UNESCO 2015) .
Innovation may be interpreted as a process in which an organization or individual creates new knowledge by continuously recombining existing knowledge, and uses this knowledge to reach desired goals (Audretsch & Feldman 1996; Nonaka 1994; Weitzman 1998) . Within this context, innovation (and by extension economic growth) are intimately related to knowledge creation and diversification (Breschi et al. 2003; Romer 1986 Romer , 1990 . Effectively solving complex scientific and technological problems often involves research at the intersection of different science and technology (S&T) domains. An interdisciplinary approach is often pursued to facilitate the integration of concepts and information from differentiated, albeit related, knowledge sectors (Cummings & Kiesler 2005; Jacobs 2009 ). As a matter of fact, many recent innovations in energy devices and systems have been achieved with research at the intersection of the domain of energy technology and the domains of nanoscience and nanotechnology, and electrical engineering and computer science. Cases in point are the search for novel nanostructured materials for costeffective solar energy harvesting, the use of computer simulations to accelerate the design of more efficient wind turbines, the simulation and optimization of hybrid renewable energy systems, and the development of intelligent support systems to assist the regulation of distribution networks (Arico et al. 2005; Baños et al. 2011; Bernal-Agustín & Dufo-López 2009; Bottasso et al. 2014; Grätzel 2005; Huynh 2002; Wang 2004; Yu et al. 2015) . The overlap between these three S&T domains has also been identified in previous studies that have tracked research on renewable energy and nanotechnology (Arora et al. 2013; Kajikawa et al. 2008 ).
Knowledge creation can be induced by information brought into an organization or by synthesis of information by such boundary-spanning actors (Aldrich & Herker 1977) . Research systems when become isolated from external influences risk moving to a state of internal compromise between units and subsequent stagnation. By maintaining links with the environment (or multiple environments), active intermediaries in research, development and innovation (RDI) can support the sustainability of the system, create opportunities for entrepreneurship, and prevent structural lockin. In order to devise policy instruments to promote energy technology innovation, it is important to know the type and extent of related research so that the allocation of RDI funds can be strategically directed. For instance, cost-effectiveness can be improved by informed leveraging of the S&T knowledge created and distributed within and across various sectoral, regional and national research networks. Mapping international research collaboration is of particular interest owing to the researchers' role in external representation of national research and in absorbing and recombining information on the national-international boundary.
Advances in methods that aim to define the extent and intensity of boundary-spanning research and illuminate the processes which underlie knowledge creation, recombination and diversification are crucial for the design of effective technology innovation policies. The main contribution of this work is a novel approach to studying collaboration and interdisciplinarity in scientific authorship that draws from the fields of infor-mation retrieval, statistics and network analysis. Statistical analysis of information about scholarly publication of research has served as a transparent means to improve decision-making in knowledge management (Cronin & Sugimoto 2014) . Defining the scope of a S&T domain based on scholarly publication is a methodological challenge. We embed the collection of publications with simple search terms in a workflow for information retrieval that serves to enlarge an initial set of core publications by a form of query expansion (Bettencourt & Kaur 2011; Mogoutov & Kahane 2007) . On the basis of the collected publications, we construct and analyze coauthorship networks to map boundaryspanning research, highlighting research clusters (teams) as the elementary unit as opposed to studies of team formation and evolution which examine the internal composition of teams and their size (Guimerà et al. 2005; Milojević 2014) . In doing so, we complement previous work that aims to define diversity-based indicators of interdisciplinarity (Rafols & Meyer 2010) .
Our approach offers a multi-level view of knowledge organization on the basis of the research interests and collaboration partners of individual scientists (M. E. J. Newman 2004; de Solla Price 1965) . We use it to map research efforts in renewable energy technology (RET) and its intersections with the domains of nanoscience and nanotechnology with focus on materials (NNM), and electrical engineering and computer science (EECS). We apply this approach to Greece and its broader European and international environment as a case study. Greece is considered a relatively moderate innovator, with research and development (R&D) intensity (0.96% in 2015) below the EU-28 average, but an especially strong performer in international scientific collaboration. There remains a substantial divide between the best and worst performing national innovation systems (Edquist 1997; Sharif 2006) in EU according to the European Commission's Innovation Union Scoreboard, a measurement framework developed to assess convergence among member states and improvement in overall European innovation performance (Arundel & Hollanders 2008; Hollanders & Es-Sadki 2016) .
With focus on Greece, we examine the content, organizational make-up and geographical trace of scientific collaboration and how these have evolved over the sixteen-year period 2000-2015. Although the peculiarities of any particular S&T domain are wellknown to domain experts, here we concentrate attention on trends in publishing output at the national level and beyond. Rather than offering policy prescriptions we use the case of energy-related research in Greece to provide working examples of how the proposed approach can be used to identify points of intervention for RDI policy. An important question we attempt to answer using our methods is to which extent independent energy-related research efforts have contributed to shape existing knowledge diversity into a distinct field of inquiry. Our specific findings collectively provide insights into the collaboration structure and evolution of energy-related research activity in Greece and contribute towards an improved understanding of the Greek innovation system. Our approach can also be used for other regions, and more generally for operationalizing boundary-spanning research to design, monitor, and evaluate interdisciplinary research programs based on empirical evidence and inform RDI policy for energy technology or other S&T domains.
The discussion is organized as follows. In Section 2 we introduce general methods for data collection and analysis of coauthorship networks, including boundary-spanning. In Section 3, each of the three S&T domains is defined by characterization of scholarly publication of research. In doing so, we examine international collaboration and its effect on local (regional) coordination. In Section 4, single-domain and boundary-spanning coauthorship networks are constructed and analyzed using the methods introduced in Section 2. For instance, using binary operations on the coauthorship networks we search for authors active at the intersections of the three S&T domains, and we establish a (positive) relationship between number of research teams and expenditure on R&D. Finally, the broader implications of our specific findings are discussed in Section 5.
Data and methods
Bibliometric studies, or bibliometrics, is an approach to constructing indicators of RDI output which is based on the statistical analysis of information about scholarly publication of research such as articles in scientific journals and patents supporting creation and flows of knowledge. Owing to the easy availability of publication and citation data, bibliometrics has served within the appropriate contextual framework as a transparent and cost-effective means to improving the quality of expert decision-making and planning in knowledge management (Cronin & Sugimoto 2014) .
This study covers the sixteen-year period [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] and relies on publication and citation data available through the Web of Science (WoS) platform and its core selection of citation indexes and databases. Hereafter, we will refer to the complete set of retrieved records as the "collection" ("EL" label in figures).
Information retrieval
Publications within the RET and NNM domains were identified in the collection using keyword-based queries with equal weight on publication titles, abstracts and associated keywords (Manning et al. 2008) . There is no universal approach to delineating a S&T domain and obtaining a set of publications through searches in citation databases within a particular domain is a methodological challenge (Arora et al. 2013; Bettencourt & Kaur 2011; Manzano-Agugliaro et al. 2013; Mogoutov & Kahane 2007) . For instance, in Bettencourt & Kaur (Bettencourt & Kaur 2011 ) a collection of publications in sustainability science was assembled on the basis of simple search terms while the methodology defined in Mogoutov & Kahane (Mogoutov & Kahane 2007) is an example of an evolutionary approach used to augment a core set of keywords for nanoscience and nanotechnology. We adopted the general principles of a) internal consistency, in order to enlarge an initial set of core publications by a form of query expansion that aims to reduce expert intervention, and b) reproducibility, on the basis of a clearly defined workflow for information retrieval. The details of the workflow are provided in the supporting information. Briefly, for each of the two S&T domains a set of handpicked terms based on expert judgement was used to retrieve an initial set of core publications and the keywords associated with them. Separate sets of publications were retrieved using these keywords, one at a time. A keyword was added to the initial set of handpicked terms if at least one of the latter appeared among the most frequent keywords associated with the working set of publications. Python open-source library for the creation and study of complex networks (Hagberg et al. 2008 ).
Network modeling and analysis
The structure and temporal evolution of various coauthorship networks were characterized using common network (graph) methods. The density d G for a network G with n vertices and m edges was calculated as ( )
The density of a graph without edges is 0, and 1 for a complete graph. We also used betweenness centrality, c(v), as a measure of centrality based on shortest paths for some vertex v in a given network:
where V is the set of vertices, ( ) 
where V i,j are vertices and E i,j are edges in the networks.
For efforts in R&D to be self-sustaining and to maintain or develop scale and scope, they need to reach and maintain critical mass while they remain diversified enough to foster innovation. 
Definitions
We describe how each S&T domain was defined for the purposes of our analysis in the following.
RET. Scientific publications within the RET domain were identified in the collection using keyword-based queries as described in Section 2. The query terms used describe renewable energy sources, related technologies for energy conversion, and fuels. Our description of the RET domain was elected to be at the device or In addition to receiving sustained support through European thematic research funding programs, the elected three S&T domains have been identified among the priority sectors within the context of research and innovation strategy for smart specialization in Greece. In no case we attempt to distinguish between basic and applied research (Godin 2006) .
Publishing output
Although our analysis approach is independent of the bibliometric set used, the collection will be inevitably dependent on the elected protocol for record retrieval.
Before studying the interface between the S&T do- 
Disciplinary composition
We examine next the disciplinary composition of each S&T domain in more detail. Figure 2 shows the absolute share (whole counting, shown in labels; sum over 100%) and relative share (slice size by whole- 
Regional collaboration
Collaboration between different types of organizations may entail collaboration between different regions.
Regional specialization and diversification is consid- shades signify more (less) contributions than the national average.
International collaboration
The growing complexity of modern technological problems has also introduced an international dimension in RDI policy that encourages exchange of knowledge via international linkages and collaborations (Luukkonen et al. 1992; UNESCO 2015) . Collaboration beyond national borders has accelerated after 2010, with European collaboration more common than collaboration between organizations or regions within Greece (Figure 1c) . 
International collaboration networks
Research systems are open systems and knowledge can be transferred to or absorbed from RDI actors outside.
Social proximity in a scientific or technological community or organization can in part explain such knowledge externalities (Aguiléra et al. 2012; Boschma 2005) , while a scientific community can be understood as a collective of individuals producing knowledge in a particular scientific field and who interact more closely with each other than with other unrelated individuals even in close physical proximity (Breschi et al. 2003) .
In this section we examine scientific collaboration beyond national borders by constructing and analyzing coauthorship networks.
Single-domain research
Having characterized in detail each of the three S&T domains in the previous section, we proceed to map scientific collaboration using coauthorship networks in which the vertices describe authors (or researchers) and the links correspond to coauthorship weighted by the number of collaborations in a given time period.
Only these publications which are the product of an international collaboration and which have received at least one citation the year of publication or the following year were considered. We describe networks of two or more copublications between linked authors. The structure and temporal evolution of the coauthorship network for each S&T domain were quantified using common network (graph) descriptors, which are presented in Table 1 
Boundary-spanning research
Thematic research priorities which are adopted to improve cost-effectiveness may stifle creativity and innovation and undermine future developments, and so an interdisciplinary approach to research is often pursued to create opportunities in integrating concepts and information at the intersection of knowledge sectors. It is therefore desirable to be able to monitor the extent of knowledge diversification but also examine evolution from transgression of disciplinary boundaries to integration of research efforts into a distinct knowledge domain.
In the following we examine in more detail Table 2 . Time-evolution of the boundary-spanning coauthorship network.
To obtain a better understanding of the structure of information in the boundary-spanning network and the broader environment that boundary-spanning research is conducted we identify the most commonly used research terms in communication of research findings, which support information sharing and representation of knowledge at the intersections of scientific fields (Gruber 1995) . To this end, we retrieve the keywords associated with these publications of the combined publication records pertaining to of all three S&T domains to which at least one author from the boundary-spanning network of Figure 5 has contributed. Over the period 2010-2015, the five most commonly used keywords are, in order of decreasing frequency, "thin film", "performance", "nanoparticle", "system" and "device". The keywords reflect the level of abstraction of the terms used to define the S&T domains and they suggest significant research activity on the design and optimization of materials and devices/systems in particular. Other very common keywords are "optical property", "polymer", "graphene", "carbon nanotube", and "Raman spectroscopy". 
Conclusions
We introduced a combined statistical and networkbased approach to study scientific publishing output.
We used it to map collaboration patterns in research 
Supporting information for
Interdisciplinary collaboration in 
Data and methods
This study covers the sixteen-year period 2000-2015 and relies on publication and citation data available through the Web of Science (WoS) platform and its core selection of citation indexes and databases. Publication and citation indexes covering the social sciences and humanities were excluded to concentrate attention on the technical aspects of the three S&T domains considered here. Only journal articles and proceedings papers with at least one author in affiliation with a Greek organization were used. For each publication the record of citing publications for the same sixteen-year period was also retrieved using the Web of Knowledge Web Services (journal articles and proceedings papers only). All data was stored and managed using the MySQL relational database system (release 5.6). Hereafter, we will refer to the complete set of records simply as the "collection" ("EL" label in figures). For the purposes of this study, we developed software for data collection, cleaning, analysis and visualization, which supports complex queries such as "retrieve all publications under the subject category of Computer Science, which are the product of an international collaboration, and which have been cited at least one time the year of publication or the following year." Publications within the RET and NNM domains were identified in the collection using simple keyword-based queries with equal weight on publication titles, abstracts and associated keywords (Manning et al. 2008) . The text was normalized before any attempt in retrieval: after breaking up all text into tokens (or words) each noun in plural form was replaced by its singular form as a means of token normalization. Singularization of nouns was preferred to stemming in order to better exploit the precision of scientific writing for more precise retrieval (fraction of relevant publications among the retrieved publications). These operations were performed using the Python open-source library Natural Language Toolkit (NLTK, version 3.2 (Bird et al. 2009) ). For each of the two S&T domains a set of handpicked terms was used to retrieve an initial set of publications and the keywords associated with them. Keywords with total number of occurrences less than that of the highest-count keyword associated with a cumulative distribution function of 0.05 were discarded. Separate sets of publications were retrieved using the remaining keywords, one at a time. A keyword was considered for inclusion in the initial set of handpicked terms if at least one of the latter appeared among the most frequent keywords associated with the corresponding set of publications. Some keywords were eliminated after manual inspection either as irrelevant or as of inappropriate level of abstraction on the basis of our domain expertise: for example keywords such as "system" or "water" were not considered. The above procedure serves therefore as a form of query expansion which is used to improve recall (fraction of relevant publications that have been retrieved over total relevant publications) by refining an initial set of handpicked terms used to describe a S&T domain, while new and emerging areas of inquiry are probed by careful selection of the initial set of keywords.
The collection of the sixteen-year period between 2000 and 2015 contains in total 154339 publications. Publications with a number of authors greater than 100 were not considered. This constraint improved the robustness of our statistical analysis by excluding work of large collaborative projects such as those in high-energy physics, which generally remain disconnected from the S&T domains of interest. After data cleaning and integrity checks the total number of publications are 152124 with 124010 journal articles and 28114 conference proceedings. The query terms used for defining the RET and NNM domains are provided below.
Query terms for renewable energy technology (RET)
The query terms used describe renewable energy sources, related technologies for energy conversion ("solar panel", "wind turbine"), and fuels ("hydrogen production", "biofuel"). Energy sources with lesser significance in the national energy supply, such as marine and geothermal, were not considered. Most common keywords co-occurring with the elected terms include the general terms "energy", "system", and "performance" (these were discarded).
bio oil, biodiesel, bioenergy, biofuel, biomass energy, biomass fuel, biomass power, clean energy, clean power, fuel cell, green energy, green power, hydrogen energy, hydrogen fuel, hydrogen production, hydrogen storage, methanol fuel, photoelectrochemical cell, photovoltaic solar 
Types of organizations
The following categorization is used for organizations:
1. Higher Education Institutions -Universities Public universities and technical universities.
Higher Education Institutions -Technological Education Institutes
Technological Education Institutes and the Higher School of Pedagogical and Technological Education (ASPAITE).
Higher Education Institutions -Other
The National School of Public Health, military academies, ecclesiastical schools, and others.
Public Research Centers -supervised by the General Secretariat of Research and Technology (GSRT)
The National Observatory of Athens, the Foundation for Research and Technology -Hellas (FORTH), the National Center for Scientific Research " DEMOKRITOS", and others. Figure 1S . National publishing output relatively to EU-28 average with respect to total number of publications (blue), number of publications per gross domestic expenditure on R&D (cyan), fulltime equivalent (green), and head count (red).
Research impact of S&T domains
Alongside scholarly publication, citations are often treated as measures to research output, although not necessarily as an indicator of novelty and impact at the forefront of a research field. Figure 2S shows the citation impact (CI) per type of collaboration for each S&T domain. We define the citation impact for a given year as the ratio of the number of citations recorded that year to the total number of publications of the preceding two years. This definition renders CI a time-sensitive indicator. To account for the different citation practices across S&T disciplines and time periods, CI is normalized by dividing with the domain average over the same span of years and for each WoS subject category (CI rel ). Here, self-citations are included. The two types of collaboration we considered involve a) at least one EU-28 member state, regardless of any other contributions ("European" in Figure 2S -b), or b) at least one country outside the EU-28, regardless of EU-28's participation ("International"). Published research without the contribution of any other country is also provided for comparison ("National"). The most obvious trend across all domains is the higher impact of collaborative research (CI rel > 1). The apparent convergence of the CI indicators within the EECS domain can be attributed to the continuing expansion and internationalization of the domain, which would bring the domain average closer to the "European" and "International" trends and therefore decrease the respective values for CI rel (see also Figures 1a and 1c) . Figure 2S . a) Citation impact by type of collaboration in scientific publication relatively to domain-specific average. b) Citation impact by science and technology domain relatively to national average.
The citation impact of each of the three S&T domains with respect to the collection average was also calculated (Figure 2S-b) . The impact of the RET and NNM domains is found to be above average. The impact of the EECS domain follows closely the national average, which can be attributed to the relatively large number of publications assigned to the domain (see also Figure 1a ).To understand the impact of self-citations on the calculated indicators, we calculated a rate for self-citation for a given year for each S&T domain as the number of publications citing another the year of its publication or the following year over the total number of publications that year. The rate has been between 20% and 25% for most of the period 2000-2015 for the RET and NNM domains, while it has been steadily decreasing from 40% for the EECS domain towards 20%.
